Introduction {#sec1}
============

Breast cancer is the most common cancer among women and one of the leading causes of cancer-related mortality worldwide, with an estimated 1.7 million cases and 521,900 deaths in 2012, which accounts for 25% of all cancer cases and 15% of all cancer deaths among females.[@bib1] Breast cancer is a heterogeneous disease, with both genetic and epigenetic changes being essential for breast cancer initiation, development, metastasis, and drug resistance. During the past decades, studies revealed that non-coding RNAs were involved in all aspects of the process of carcinogenesis and could be used as biomarkers for early risk stratification and the prediction of long-term survival. However, the association and underlying mechanisms between these non-coding RNAs and cancer remain elusive. Therefore, further understanding is warranted to illuminate the function and clinical significance of non-coding RNAs.

Circular RNAs (circRNAs) represent a new class of non-coding RNA molecules with 3′ and 5′ ends covalently linked in a closed-loop structure, in contrast to the typical linear RNAs with 5′ caps and 3′ poly(A) tails. In the 1990s, a few circRNAs were identified in humans and rodents, but they were considered as products of mis-splicing events.[@bib2] However, recent high-throughput sequencing and novel computational approaches have shown that the expression of circRNAs is widespread,[@bib3] and many circRNAs are predominantly localized in the cytoplasm, indicating important functions for circRNAs in human diseases.[@bib4] Han et al.[@bib5] reported that the circRNA circMTO1 is significantly downregulated in hepatocellular carcinoma (HCC) tissues and closely related to the prognosis of breast cancer patients. Zhang et al.[@bib6] reported that circLARP4 was downregulated in gastric cancer (GC) tissues and represented an independent prognostic factor for overall survival of GC patients. However, their biogenesis processes and potential function are poorly understood. Recently, studies have shown that circRNA molecules are enriched with microRNA (miRNA) recognition elements (MREs) and can function as miRNA sponges; for example, as ciRS-7 served as a miR-7 sponge,[@bib7] circHIPK3 served as a miR-124 sponge,[@bib8] and circ-ITCH served as a miR-17/miR-224 sponge.[@bib9]

In the present study, we uncovered the promoting effect that circHMCU played in breast cancer, and the competitive endogenous RNA (ceRNA) networks as well as potential targeting relationships were constructed according to bioinformatics predictions. A significantly upregulated expression of circHMCU was detected in breast cancer cell lines with high lung metastatic ability. Then, we examined the functions and mechanisms of circHMCU using breast cancer cell lines. We found that circHMCU could promote cell proliferation and metastasis and bind to miRNA let-7 family members, thus increasing the expression of let-7 family target genes such as MYC, HMGA2 and CCND1. Our study revealed the cancer-promoting role of circHMCU and helped to elucidate the epigenetic mechanism of carcinogenesis and metastasis of breast cancer, which may facilitate the development of effective clinical treatments and early diagnosis for breast cancer patients.

Results {#sec2}
=======

Identification and Characteristics of circHMCU (hsa_circ_0000247) in Breast Cancer {#sec2.1}
----------------------------------------------------------------------------------

Breast cancer is a heterogeneous disease, and metastasis is one of the main factors influencing prognosis of breast cancer patients. To investigate circRNAs associated with the metastasis of breast cancer, the GEO database (GEO: [GSE111504](ncbi-geo:GSE111504){#intref0010}) was reanalyzed. We compared the expression profiles of circRNAs in parental MDA-MB-231 cells and lung metastatic cells (LM2), and only circRNAs with high abundance were included for further analysis ([Figure 1](#fig1){ref-type="fig"}A). We found that the expression of hsa_circ_0000247 (circRNA derived from the human MCU gene) was upregulated in lung metastasis sublines (LM2). RT-PCR was then performed in MDA-MB-231- and MDA-MB-231-derived cell line 4175 with higher metastatic abilities, and the result was inconsistent with that from the GEO database ([Figure 1](#fig1){ref-type="fig"}B), suggesting that circHMCU may play a role in the metastasis of breast cancer. Furthermore, circHMCU was upregulated in breast cancer cells compared with normal breast epithelial MCF-10A cells ([Figure 1](#fig1){ref-type="fig"}C). circHMCU is located in chromosome 10, 792 bp in length, with high conservation in vertebrates ([Figure 1](#fig1){ref-type="fig"}D). It consists of 2 exons (exons 3 and 4) as well as the intron between them. This fragment forming circHMCU is flanked by long introns on each side ([Figure 1](#fig1){ref-type="fig"}E). Because of the naturally closed-loop structure, circRNA could be more resistant to exonuclease treatment such as RNase R digestion and thus could be more stable than linear RNA (for example, mRNA). As shown in [Figure 1](#fig1){ref-type="fig"}F, circHMCU had higher resistance to the treatment of RNase R while the linear mRNA of its host gene MCU could be digested. To further confirm the circular characteristics of circHMCU, we added actinomycin D (ActD), an inhibitor of transcription in MDA-MB-231 and MCF-7 cells, or DMSO as a negative control (NC). As expected, circHMCU was more stable and resistant to ActD treatment ([Figure 1](#fig1){ref-type="fig"}G). Subsequently, gel electrophoresis was used to confirm the head-to-tail splicing in the PCR product of circHMCU. We designed convergent primers that could amplify both MCU mRNA and circRNA, and divergent primers that could only amplify circHMCU. Using cDNA and genomic DNA (gDNA) from MCF-7 breast cancer cell lines as templates, circHMCU was only amplified by divergent primers in cDNA, and no amplification product was observed in gDNA ([Figure 1](#fig1){ref-type="fig"}I). To explore the cellular distribution of circHMCU, the expression levels of cytoplasmic control transcripts (GAPDH), nuclear control transcript (U6), and circHMCU were examined by qRT-PCR in the cytoplasmic and nuclear fractions of MCF7 cells. The results showed that circHMCU was predominantly expressed in the cytoplasm ([Figure 1](#fig1){ref-type="fig"}H), which was inconsistent with the results of fluorescence *in situ* hybridization (FISH) ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1Identification and Characteristics of circHMCU (hsa_circ_0000247) in Breast Cancer(A) The cluster heatmap shows the differentially expressed circRNAs between parental MDA-MB-231 and lung metastatic cells. Red indicates a high expression level, and green indicates a low expression level. The arrow indicates circHMCU. (B) Expression level of circHMCU in MDA-MB-231 and its derivative (4175). (C) circHMCU expression in normal breast epithelial cells and breast cancer cell lines. (D) circHMCU is derived from the third and fourth exons as well as the intron between them from the human MCU gene, which is located on chromosome 10. (E) Scheme illustrating the production of circHMCU. Arrow represents "head-to-tail" splicing sites of circHMCU. (F) Quantitative real-time PCR analysis of circHMCU and MCU mRNA after RNase R treatment. (G) Quantitative real-time PCR analysis of circHMCU and MCU mRNA after ActD treatment. DMSO treatment was performed as a negative control. (H) Quantitative real-time PCR analysis of circHMCU and MCU mRNA in the cytoplasm or the nucleus in MCF-7 cells. (I) The existence of circHMCU was validated in breast cancer cells by PCR. Divergent primers amplified circHMCU in cDNA but not genomic DNA (gDNA). β-Actin was used as negative control. (J) The expression level of circHMCU was increased in breast cancer tissues (n = 267) compared with normal breast tissues (n = 58). (K) 77.59% (43/58) breast cancer patients presented increased expression of circHMCU. The bar chart presents the log~2~FC (fold change). (L) Expression level of MCU (linear isoform) in breast cancer tissues (n = 267) compared with normal breast tissues (n = 58). (M) According to the median expression level of circHMCU, the 267 breast cancer patients were divided into two groups. The blue bars represent the low-expression group, and the red bars represent the high-expression group. (N) Kaplan-Meier analysis of the association between circHMCU expression and prognosis of breast cancer patients. Data are the means ± SEM of three experiments. ∗∗p \< 0.01, ∗∗∗p \< 0.001.

To confirm whether circHMCU could play a role in breast cancer progression, qRT-PCR was performed in 58 pairs of breast cancer tissues and adjacent normal breast tissues, and we found that circHMCU was obviously increased in the breast cancer tissues compared with normal breast tissues ([Figures 1](#fig1){ref-type="fig"}J and 1K). Interestingly, the linear isoform of its host gene, MCU, showed no significant upregulation in breast cancer tissues compared with adjacent normal breast tissues ([Figure 1](#fig1){ref-type="fig"}L), suggesting that the biological function of circHMCU was independent from the linear mRNA isoform. For survival analysis, the 267 breast cancer patients were divided into two groups according to the median expression level of circHMCU, with 133 cases in the high expression group and 134 cases in the low expression group ([Figure 1](#fig1){ref-type="fig"}M). The Kaplan-Meier survival curve in [Figure 1](#fig1){ref-type="fig"}N shows that the high circHMCU expression was significantly correlated with a poor prognosis in breast cancer patients (p = 0.039, hazard ratio \[HR\] = 3.092). We further explored the correlation between circHMCU and clinicopathological parameters and found that the level of circHMCU was positively correlated with histological grade (p = 0.013), lymph node metastasis (p = 0.017), T (tumor) stage (p = 0.002), and N (node) stage (p = 0.009) ([Table 1](#tbl1){ref-type="table"}). These results suggest that circHMCU may play an essential role in tumor progression of breast cancer.Table 1Clinicopathological Variables and circHMCU Expression in 267 Breast Cancer PatientsVariablesClassifierLow circHMCU (n = 134)High circHMCU (n = 133)Totalp ValueAge≤5071741450.755\>506359122Menopauseno73641370.359yes6169130Histologic gradeI819II93841770.013III334881Lymph node metastasisno82611430.017yes5272124T stageT17849127T253791320.002T3/T4358N stageN08261140N1/N251651220.009N3175ERnegative153954\<0.001positive11994213PRnegative2442660.014positive11091201HER2negative106841900.006positive284977Molecular subtypeTNBC1021310.053non-TNBC124112236Ki-67 scoreslow4231730.182high92102194[^1]

Effects of circHMCU on Breast Cancer Cell Cycle, Proliferation, and Apoptosis *In Vitro* {#sec2.2}
----------------------------------------------------------------------------------------

In an attempt to investigate the biological functions of circHMCU in breast cancer cells, we designed interference sequences targeting the junction sites of circHMCU that could only downregulate the expression of circHMCU but not the linear mRNA of the MCU gene ([Figure 2](#fig2){ref-type="fig"}A). The silencing efficiency was confirmed by quantitative real-time PCR ([Figure 2](#fig2){ref-type="fig"}B; [Figure S2](#mmc1){ref-type="supplementary-material"}A). Meanwhile, we transfected the empty plasmid pLCDH and the circHMCU overexpression plasmid pLCDH-circHMCU to breast cancer cell lines (MDA-MB-231, MCF-7, and SKBR3) for the ectopic expression of circHMCU, and the overexpression efficiency was confirmed by quantitative real-time PCR ([Figure 2](#fig2){ref-type="fig"}C; [Figure S2](#mmc1){ref-type="supplementary-material"}A). The three cell lines we used (MDA-MB-231, MCF-7, and SKBR3) represent breast cancer with different hormone receptor and Her2 status. A 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide (MTT) assay showed that the proliferation rate was significantly upregulated in circHMCU cells in comparison with control cells transfected with pLCDH-ciR ([Figure 2](#fig2){ref-type="fig"}D; [Figure S2](#mmc1){ref-type="supplementary-material"}B), both in hormone receptor-positive and -negative and human epidermal growth factor receptor-2 (HER2)-positive and -negative cell lines. A colony formation assay indicated that stable overexpression of circHMCU significantly increased the proliferation rate of breast cancer cell lines MDA-MB-231 and MD-MB-468 ([Figure 2](#fig2){ref-type="fig"}E). Consistently, an EdU (5-ethynyl-2′-deoxyuridine) incorporation assay showed that the proliferation of MDA-MB-231, MD-MB-468, and SKBR3 cells was strengthened by transfection with circHMCU overexpression plasmid ([Figure 2](#fig2){ref-type="fig"}G; [Figure S2](#mmc1){ref-type="supplementary-material"}C). Furthermore, flow cytometry was performed to evaluate the effect of circHMCU on cell proliferation. A cell cycle assay revealed that inhibiting the expression of circHMCU could induce G~0~/G~1~ arrest by increasing the fraction of the G~0~/G~1~ phase, as compared with that of the control cells ([Figure 2](#fig2){ref-type="fig"}H). Western blot was then performed to prove that circHMCU knockdown could decrease the expression of cyclin B1, cyclin D1, cyclin D3, CDK4, and CDK6 ([Figure 2](#fig2){ref-type="fig"}I). We then examined the effects of circHMCU on the apoptosis of breast cancer cells transfected with small interfering RNAs (siRNAs) targeting the back-splice junction of circHMCU (circHMCU-si) or circHMCU overexpression vector by flow cytometry. The result showed that the apoptosis rate increased from 8.52% to 13.7% in MDA-MB-468 cells ([Figure 2](#fig2){ref-type="fig"}F). Furthermore, the MTT assay showed that overexpression of the MCU linear isoform could not promote the proliferation of breast cancer cells ([Figure S3](#mmc1){ref-type="supplementary-material"}A), suggesting that the cancer-promoting effect in [Figure 2](#fig2){ref-type="fig"} was due to circHMCU but not MCU linear isoform. Taken together, these results suggested that circHMCU could play important roles in promoting cell proliferation in breast cancer cells.Figure 2Effects of circHMCU on Breast Cancer Cell Cycle, Proliferation, and Apoptosis *In Vitro*(A) Schematic illustrating the target sequences of the siRNAs specific to the back-splicing junction of circHMCU. (B) The expression levels of circHMCU in MDA-MB-231 cells transfected with NC (negative control) or circHMCU-si were detected by real-time PCR. (C) The expression levels of circHMCU in MDA-MB-231 cells after stable transfection of circHMCU or empty vector plasmids were detected by real-time PCR. (D) MTT assays were used to determine the cell viability of MDA-MB-231 and MDA-MB-468 cells transfected with circHMCU overexpression plasmid. (E) A colony formation assay was performed in MDA-MB-231 and MDA-MB-468 cells stably transfected with circHMCU overexpression plasmid. (F) The overexpression of circHMCU decreased apoptosis in MDA-MB-468 cells. (G) Observation of DNA synthesis of MDA-MB-231 and MDA-MB-468 cells transfected with circHMCU overexpression plasmid by EdU assay. (H) Flow cytometry was performed to determine the effect of circHMCU on changes in cell cycle distribution (left). Statistical diagrams show significant differences (middle). Western blotting was used to detect cyclin B1, cyclin D1, cyclin D3, CDK4, and CDK6 expression (left). Data are the means ± SEM of three experiments. ∗∗p \< 0.01, ∗∗∗p \< 0.001.

circHMCU Promoted Migration and Invasion Abilities via Modification of the EMT Pathway {#sec2.3}
--------------------------------------------------------------------------------------

To investigate the role of circHMCU on the metastatic ability of breast cancer cells *in vitro*, we transfected cells with circHMCU-si and an NC, and a Transwell system was used to examine the change of migration and invasion ability of cells. As shown in [Figures 3](#fig3){ref-type="fig"}A and 3B and [S2](#mmc1){ref-type="supplementary-material"}D, the cell counts of MDA-MB-468, MDA-MB-231, and SKBR3 were significantly decreased in both migration and invasion assays after transfection with circHMCU-si compared with the NC groups, which suggested that circHMCU could promote the metastatic ability of breast cancer cells. Consistently, circHMCU overexpression enhanced the migration and invasion abilities of MDA-MB-231, MDA-MB-468, and SKBR3 cells, indicating that circHMCU could promote cancer cell metastasis regardless of the hormone receptor and HER2 status. However, linear isoform of MCU could not promote migration and invasion abilities in breast cancer cells ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Taken together, these results suggested that circHMCU may act as a tumor promoter by enhancing metastasis ability of cancer cells. By further exploration of the mechanism of circHMCU on cell motility, we found that circHMCU could modify the epithelial-mesenchymal transition (EMT) pathway, which promoted mesenchymal phenotypes and inhibited epithelial phenotypes ([Figure 3](#fig3){ref-type="fig"}D). We examined the expression of epithelial and mesenchymal markers in circHMCU overexpression and control cells. After transfection with circHMCU overexpression plasmid, the epithelial marker E-cadherin was downregulated, whereas ZEB1, fibronectin, and N-cadherin were significantly upregulated ([Figure 3](#fig3){ref-type="fig"}C). In conclusion, circHMCU could enhance the migration and invasion of breast cancer cells via promoting the EMT pathway.Figure 3circHMCU Promoted Migration and Invasion Abilities via Modification of the EMT Pathway(A) Transwell migration assays demonstrated that circHMCU knockdown inhibited cell migration while circHMCU overexpression enhanced the migration ability of MDA-MB-231 and MDA-MB-468 cells. The columns are the average of three independent experiments. (B) Transwell invasion assays demonstrated that circHMCU knockdown inhibited cell invasion while circHMCU overexpression enhanced the invasion ability of MDA-MB-231 and MDA-MB-468 cells. The columns are the average of three independent experiments. (C) circHMCU overexpression led to increased N-cadherin, fibronectin, ZEB1 expression, and decreased E-cadherin expression in MDA-MB-231 and MCF-7 cell lines. (D) The stable overexpression of circHMCU induced morphological changes in MDA-MB-231 cells. Data are the means ± SEM of three experiments. ∗∗p \< 0.01, ∗∗∗p \< 0.001.

circHMCU Acts as a miRNA Sponge for the let-7 Family in Breast Cancer Cells {#sec2.4}
---------------------------------------------------------------------------

In order to further explore the underlying mechanism of the cancer-promoting function of circHMCU, bioinformatics analysis was performed and revealed that circHMCU may interact with several miRNAs and therefore regulate the expression level of their downstream target genes ([Figures 4](#fig4){ref-type="fig"}A and 4C). According to StarBase, a total of 20 miRNAs were predicted that could be bound to circHMCU, and 9 of them belonged to the let-7 family. We further analyzed the association of these potential miRNA expressions with patient prognosis using The Cancer Genome Atlas (TCGA) and the GEO database. Among them, a high expression level of let-7 family miRNAs was associated with better overall survival in breast cancer patients ([Figure 4](#fig4){ref-type="fig"}B). Bioinformatics analysis showed that the two putative complementary binding sites for let-7 with starting nucleotides at positions 30 and 388 in circHMCU were both a 7-mer-1a seed match type with strong compensatory base-pairing for the 5′ end of the let-7 family ([Figure 4](#fig4){ref-type="fig"}D). It was reported that miRNAs function as components of ribonucleoprotein (RNP) complexes or RNA-induced silencing complexes (RISCs), and Argonaute 2 (AGO2) was one of the most important and best characterized components of RISCs.[@bib10] A RNA immunoprecipitation (RIP) assay was performed to confirm whether circHMCU was associated with miRNA RNP (miRNP). As shown in [Figure 4](#fig4){ref-type="fig"}E, circHMCU and let-7 miRNAs were significantly enriched in AGO2-containing miRNPs relative to control immunoglobulin G (IgG) immunoprecipitates, whereas β-actin mRNA did not detectably associate with the miRNPs. HMGA2, MYC, and CCND1 are target genes of the let-7 miRNAs family, which could be downregulated by let-7. The results of qRT-PCR showed a lower expression level of the let-7 family and higher expression of let-7 target genes (HMGA2, MYC, CCND1) in 4175 and SCP2 cells in which circHMCU was highly expressed ([Figure 4](#fig4){ref-type="fig"}F). Moreover, the expression of let-7 miRNAs or let-7 target genes pulled down with anti-AGO2 antibodies in the circHMCU-overexpressing group was significantly higher or lower compared to the control group, respectively ([Figure S4](#mmc1){ref-type="supplementary-material"}), suggesting that circHMCU could inhibit the association between let-7 and its targets in an AGO2 manner, thus verified our hypothesis that circHMCU could act as a let-7 miRNA sponge.Figure 4circHMCU Acts as a miRNA Sponge for the let-7 Family in Breast Cancer Cells(A) Schematic model showing the putative binding sites for miRNAs and circHMCU. (B) Kaplan-Meier analysis revealed that the expression of the let-7 family was positively correlated with survival of breast cancer patients. (C) ceRNA analysis for circHMCU. Cytoscape was used to visualize circHMCU-miRNA-target gene interactions based on the bioinformatics analysis of StarBase. In the network, 11 miRNAs and the 56 most possible target genes of these miRNAs were collected. The hexagon represents circHMCU, the round rectangles represent miRNAs, and the circles represent target genes of miRNAs. The relationships between the nodes are connected with solid lines. (D) Schematic representation of potential binding sites of let-7 microRNAs with circHMCU. (E) AGO2 RNA immunoprecipitation (RIP) assay for the enrichment of circHMCU and let-7 microRNAs in 293T cells. The expression levels of circHMCU and let-7 microRNAs were detected using quantitative real-time PCR. (F) Relative expression levels of circHMCU, let-7 microRNAs, and their target genes in MDA-MB-231, 4175, and SCP2 cell lines. (G) Schematic representation of reporter constructs used in luciferase reporter assay. (H) Schematic representation of mutated nucleotides of two complementary site in circHMCU. (I) Luciferase activity of wild-type circHMCU or mutant circHMCU after transfection with let-7 microRNA mimics or NC (negative control) in HEK293T cells. Data are the means ± SEM of three experiments. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

Luciferase reporter assays were used to determine whether circHMCU could bind directly to the miRNAs let-7 family. The structure of the vector used in the luciferase reporter assays is shown in [Figure 4](#fig4){ref-type="fig"}G. The plasmid pmirGLO-let-7 4x, which harbored four copies of let-7 binding sites in the 3′ UTR of the firefly luciferase reporter gene (luc2), was used as positive control. The fragment of circHMCU harboring predicted binding site with starting nucleotide at positions 30 and 388 or the mutant binding site were cloned to pmirGLO plasmid and used in luciferase reporter assays ([Figure 4](#fig4){ref-type="fig"}H). As expected, cotransfected let-7 mimics and pmirGLO-let-7 4x inhibited luc2 expression in a dose-dependent manner ([Figure 4](#fig4){ref-type="fig"}I). A dose-dependent inhibition was also observed with pmirGLO-circHMCU. let-7a, let-7c, and let-7f were chosen to tested individually and dose-dependent inhibitions were evident as well. In addition, when transfected with mutant vectors that contained the circHMCU fragment with mutations at two putative let-7 binding sites, the let-7 mimic caused no obvious change in luciferase activity, confirming that the observed inhibition was dependent on the predicted let-7 sites.

let-7 Mimics Block the Tumor-Promoting Effects of circHMCU Overexpression by Downregulating HMGA2, MYC, and CCND1 {#sec2.5}
-----------------------------------------------------------------------------------------------------------------

Given that circHMCU serves as a sponge of let-7 and that circHMCU plays a promoting role in breast cancer, we sought to determine whether let-7 counteracted circHMCU to inhibit the development and progression of breast cancer. A migration assay and wound healing assay were performed to detect the metastatic potency of breast cancer cells. We co-transfected a circHMCU overexpression vector with let-7 mimics into the cells. As shown in [Figure 5](#fig5){ref-type="fig"}A, let-7 suppressed the circHMCU-induced increase in the migration capacity of the breast cancer cells. Consistently, let-7 blocked the circHMCU-induced increase of wound healing ability in breast cancer cells ([Figure 5](#fig5){ref-type="fig"}B). In addition, an EdU incorporation assay ([Figure 5](#fig5){ref-type="fig"}C) and MTT assay ([Figure 5](#fig5){ref-type="fig"}D) were performed and the enhanced cell proliferation rate of the circHMCU overexpression group was significantly abrogated by the co-expression of let-7 mimics. Given that MYC, HMGA2, and CCND1 were reported as the downstream target genes of let-7, we next investigated whether circHMCU exerts its promoting effect by modulating the expression of MYC, HMGA2, and CCND1. As shown in [Figure 5](#fig5){ref-type="fig"}F, overexpression of circHMCU could increase the protein level of MYC, HMGA2, and CCND1. Additionally, the combined transfection of circHMCU and let-7 mimics was conducted and we found that let-7 partly rescued the promoting effect of circHMCU on the expression of MYC, HMGA2, and CCND1, which agreed with the results of cell function. Furthermore, Kaplan-Meier survival plots were computed using the datasets from TCGA database, and the results showed that high expression of MYC and CCND1 contributed to worse overall survival (OS), disease-free survival (DFS), and distant metastasis-free survival (DMFS) in breast cancers ([Figure 5](#fig5){ref-type="fig"}E). HMGA2, one of the let-7 target genes, was reported to be a driver of tumor metastasis. Worse OS, DFS, and DMFS were associated with HMGA2 expression in breast cancer patients with positive lymph nodes ([Figure 5](#fig5){ref-type="fig"}E). However, no significant association was found in breast cancer patients with all lymph node states ([Figure S5](#mmc1){ref-type="supplementary-material"}), indicating that HMGA2, as a target gene of let-7, played an important role in the metastasis of breast cancer. These findings further demonstrated that upregulation of MYC, HMGA2, and CCND1 by the circHMCU/let-7 family worsened the prognosis of breast cancer patients, which suggested that circHMCU plays an important role in the regulation of progression and metastasis of breast cancer.Figure 5let-7 Mimics Block the Tumor-Promoting Effects of circHMCU Overexpression by Downregulating HMGA2, MYC, and CCND1(A) Transwell assays of cell migration after transfection with circHMCU and let-7 mimics in MDA-MB-231, MDA-MB-468, and MCF-7 cells. (B) Wound healing assays after transfection with circHMCU and let-7 mimics in MDA-MB-231 cells. (C) Observation of DNA synthesis of MCF-7 cells transfected with circHMCU overexpression vectors and let-7 mimics by EdU assay. (D) MTT analysis of cell proliferation after transfection with circHMCU overexpression vectors and let-7 mimics in MDA-MB-231 and MCF-7 cells. (E) Kaplan-Meier survival curve shows the relationship between HMGA2/CCND1/MYC expression and survival rates of breast cancer patients. (F) Western blot analysis of the expression levels of HMGA2, MYC, and CCND1 after transfection with circHMCU and let-7 in MDA-MB-231 cells. Data are the means ± SEM of three experiments. ∗p \< 0.05, ∗∗p \< 0.01

circHMCU Promoted Breast Cancer Cell Growth and Metastasis in a Xenograft Model {#sec2.6}
-------------------------------------------------------------------------------

Our results have validated that overexpression of circHMCU promoted cell growth and metastasis of breast cancer cell lines *in vitro*. To further explore the role of circHMCU, MDA-MB-231 was chosen to be transfected with pLCDH-ciR (NC) and pLCDH-ciRHMCU (circHMCU overexpression) because of its highly tumorigenic and metastatic abilities. MDA-MB-231 breast cancer cells were subcutaneously injected into the right flank of BALB/c nu/nu mice. As shown in [Figures 6](#fig6){ref-type="fig"}A and 6C, xenograft tumor growth and tumor volume were significantly increased in the circHMCU overexpression group as compared to the NC group. RT-PCR was performed to verify the overexpression efficiency of MDA-MB-231 stable cells in xenograft tumors ([Figure 6](#fig6){ref-type="fig"}B). Lung metastasis was reported to be an indicator of tumor aggressiveness and was tested in our study to validate the function of circHMCU. As shown in [Figure 6](#fig6){ref-type="fig"}D, metastasis of the circHMCU overexpression group was significantly increased compared to the control group, which was also demonstrated by H&E staining assay ([Figure 6](#fig6){ref-type="fig"}E). To validate the regulatory function of circHMCU on let-7 target genes, the expression levels of MYC, HMGA2, CCND1, and Ki-67 were examined by immunohistochemistry (IHC). The results showed that, compared to NCs, the expression of MYC, HMGA2, CCND1, and Ki-67 significantly decreased ([Figure 6](#fig6){ref-type="fig"}F; [Figure S6](#mmc1){ref-type="supplementary-material"}). Furthermore, tissues from breast cancer patients were strained by IHC in order to verify our conclusion. We found that in patients with high circHMCU, the expression levels of MYC, HMGA2, and CCND1 were significantly higher compared with patients with low circHMCU ([Figure 6](#fig6){ref-type="fig"}G). These results demonstrate that circHMCU can promote breast cancer progression *in vivo* and increase the expression of MYC, HMGA2, and CCND1.Figure 6circHMCU Promoted Breast Cancer Cell Growth and Metastasis in a Xenograft Model(A) Photograph illustrated tumors in xenografts. Overexpression of circHMCU promoted the growth of tumors. (B) Expression of circHMCU in the xenograft model. (C) Growth curve of xenograft tumors after tumor cells injection. (D) Overexpression of circHMCU promoted lung metastasis of MDA-MB-231 cells. (E) Representative images of hematoxylin and eosin (H&E) staining of lungs isolated from mice that received tail vein injection of MDA-MB-231 pLCDH-ciR (empty vector) cells and circHMCU overexpression cells. Scale bars, 200 μm. (F) IHC staining analysis revealed the increased expression of proliferation index Ki-67 and HMGA2/MYC/CCND1 expression in circHMCU overexpressed tumors compared with control group. Scale bars, 100 μm. (G) IHC staining analysis of the expression of HMGA2/MYC/CCND1 in the tissues of breast cancer patients with different circHMCU expression levels. Scale bars, 100 μm. Data are the means ± SEM of three experiments. ∗∗∗p \< 0.001.

Discussion {#sec3}
==========

Breast cancer is a type of highly heterogeneous disease and the underlying oncogenic mechanisms have been increasingly elucidated in recent years. During the past decades, increasing numbers of non-coding RNAs have been identified, including miRNAs, long non-coding RNAs (lncRNAs), and circRNAs. Accumulating evidence has shown the important roles of non-coding RNAs in epigenetic regulation of various kind of diseases, especially cancers.[@bib11], [@bib12], [@bib13] circRNA is a newly identified type of non-coding RNA molecule with 3′ and 5′ ends covalently linked in a closed-loop structure. The expression of circRNAs has been widely detected in a large number of metazoans and in diverse cell types and organisms. The processing of circRNAs was reported to be facilitated by either RNA pairing of reversely complementary sequences across their flanking introns[@bib3] or protein factors (such as MBL and RBM3) binding to precursor (pre-)mRNAs to bridge flanking introns together.[@bib14]^,^[@bib15] The high stability, high conservation, and tissue specificity of circRNAs suggested that circRNAs may play a key role in the development of human diseases. Recent studies have reported that some circRNAs could serve as regulators in breast cancer, such as circ-ABCB10,[@bib16] hsa_circ_0001982,[@bib17] circRNA-000911,[@bib18] and circGFRA1[@bib19]. However, the function of circRNAs and their underlying mechanisms remain largely unknown. In the present study, we found circHMCU to be upregulated in breast cancer cell lines with high metastatic ability and breast cancer tissues. Further analyses were conducted to determine preliminarily the biological functions and molecular mechanism of the newly identified circHMCU.

The ceRNA hypothesis proposes that transcripts with shared miRNA binding sites (usually different types of coding and non-coding members of the transcriptome) compete in a post-transcriptional regulatory network. In recent decades, numerous studies have supported this hypothesis, and it has gained substantial attention as a unifying function for lncRNAs, pseudogene transcripts, and circRNAs.[@bib20] Stable transcripts such as circRNAs with a host of miRNA-binding sites or MREs can function as miRNA sponges. A circRNA named ciRS-7, which contains more than 70 MREs, was first reported to function as a sponge of miR-7.[@bib21] However, only a few circRNAs or ceRNAs have multiple binding sites for a particular miRNA, with most of them containing only one or two miRNA binding sites. In the present study, we found that circHMCU promoted proliferation, migration, and invasion of human breast cancer cells by targeting the let-7 family, which has not been reported by previous studies. Furthermore, we demonstrated that two binding sites were critical for circHMCU to sponge let-7. let-7 serving as a regulator in the progression of cancer has been reported in several models, including ovarian cancer,[@bib22] prostate cancer,[@bib23] lung cancer,[@bib24] and breast cancer.[@bib25] As tumor suppressors, let-7 miRNAs repress several oncogenes, including MYC,[@bib26] HMGA2,[@bib27] and CCND1,[@bib28] which were associated with enabling replicative immortality, invading growth suppressors, and activating metastasis in the development and progression of cancer. HMGA2 was reported to play a critical role in EMT by activating the transforming growth factor β (TGF-β) signaling pathway, thereby inducing invasion and metastasis of human epithelial cancers.[@bib29] CCND1, bound with its partners CDK 4/6, partially mediated G~1~/S phase transition of the cell cycle through phosphorylation and inactivation of retinoblastoma (Rb) protein with subsequent release of E2F transcription factors, and thus promoted cell proliferation.[@bib30] MYC could modulate the intrinsic apoptotic pathway by altering the balance of proapoptotic and antiapoptotic members of the Bcl-2 family, in parallel with or independent of p53.[@bib31] In our study, we found that let-7 could bind to circHMCU and thus affect target genes of let-7 (MCY, HMGA2, and CCND1), suggesting that circHMCU may function as a let-7 sponge to modulate breast cancer proliferation and metastasis via regulating the expression of MCY, HMGA2, and CCND1. Of note, not all circRNAs can act as "miRNA sponges." For example, some circRNAs can regulate transcription and alternative splicing, interact with RNA-binding proteins (RBPs), and even be absorbed into exosomes and function as promising biomarkers for cancer diagnosis. Thus, further specific studies are needed to decipher whether circHMCU plays a role in some other pathological process in breast cancer progression.

In conclusion, we found that circHMCU was upregulated in human breast cancer, which could remarkably promote proliferation and metastasis of breast cancer cells. We further found that circHMCU could efficiently sponge the let-7 family to increase the expression of MYC, HMGA2, and CCND1. Our findings provided a novel circHMCU/let-7 family/target genes (MYC, HMGA2, and CCND1) axis that broadens our insights into the underlying mechanisms of breast cancer and provides new biomarkers and potential therapeutic targets in the clinic.

Conclusions {#sec3.1}
-----------

In summary, our study found a circRNA, circHMCU, that was upregulated in breast cancer tissues and correlated with poor prognosis. Further study revealed that circHMCU could significantly promote proliferation and metastasis abilities of breast cancer cells both *in vitro* and *in vivo*. Mechanistically, we found that circHMCU could function as a miRNA sponge for the let-7 family, which was validated by RIP and luciferase reporter assays. The let-7 family is a well-known tumor suppressor because of its formidable function and is considered as a potential diagnostic and prognostic marker. Our study identified circHMCU as a miRNA sponge of the let-7 family that has important significance in understanding the regulatory function of let-7 in breast cancer.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Human breast cancer cells (MDA-MB-231, MDA-MB-468, and MCF7) were purchased from the American Type Culture Collection (Manassas, VA, USA). The cell lines were characterized by Genetic Testing Biotechnology Corporation (Suzhou, China) using short tandem repeat markers. Cells were routinely cultured in Dulbecco's modified Eagle's medium (Gibco-BRL, Rockville, IN, USA) supplemented with 10% heat-inactivated fetal bovine serum (HyClone), 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained at 37°C in a humidified atmosphere with 5% CO~2~.

Tissue Specimens and Ethics Statement {#sec4.2}
-------------------------------------

Studies using human tissues were reviewed and approved by the Ethics Committee of Shandong University. Breast cancer tissues and adjacent normal breast tissues were obtained from patients who were diagnosed with breast cancer and had undergone surgery from July 2008 to January 2015 in Qilu Hospital of Shandong University. The median follow-up is 78 months. Tissue samples were stored at −80°C until RNA extraction. Histological and pathological diagnoses were confirmed. All of the participants in this study provided written informed consent for the use of the clinical materials obtained in the study.

Gene Expression Profiles {#sec4.3}
------------------------

The gene expression data matrix of parental MDA-MB-231 (231-PAR) cells and lung metastatic cells (LM2) was obtained from the National Center for Biotechnology GEO database (<https://www.ncbi.nlm.nih.gov/geo/>), which is accessible through the GEO platform GPL21825 (GEO: [GSE111504](ncbi-geo:GSE111504){#intref0020}). In the present study, we selected the data of parental MDA-MB-231 cells and lung metastatic cells (LM2) for further study. Data analysis was performed with R software.

RNA Extraction and Quantitative Real-Time PCR {#sec4.4}
---------------------------------------------

Total RNA was prepared from cell lines using TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. For circRNAs, RNase R was used to degrade linear RNAs, which have poly(A), and amplified by divergent primer. Total RNA (2 μg) was incubated for 30 min at 37°C with 3 U/μg RNase R. Reverse transcription was performed with the PrimeScript RT reagent kit (Takara, Japan), and quantitative real-time PCR was performed using a SYBR Green PCR kit (Takara, Japan). β-Actin was used as an endogenous control. Nuclear and cytoplasmic fractions were isolated using the PARIS kit (Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions.

ActD Treatment {#sec4.5}
--------------

Transcription was prevented by the addition of 2 mg/mL ActD or DMSO (Sigma-Aldrich, St. Louis, MO, USA) as the NC to the cell culture medium. After treatment in the indicated time, the RNA expression levels of circHMCU and MCU were detected by qRT-PCR.

Plasmid Construction and Cell Transfection {#sec4.6}
------------------------------------------

In order to induce MCU transcript formation *in vitro* by nonlinear splicing, the circHMCU overexpression vector was constructed. The cDNA encoding circHMCU in MCF7 cells (including exons 3 and 4 and introns 3 and 4 between them) with a length of 292 bp was amplified and the fragment was cloned to the pLCDH-ciR vector (Guangzhou Geenseed Biotech, Guangzhou, China) between the two specially designed front and back circular frames that were on the vector. The primer sequences used for circHMCU-overexpressed vector were as follows: forward, 5′-CGGAATTCTGAAATATGCTATCTTACAGGTCTTTCACTACCATTCCTACAGTG-3′, reverse, 5′-CGGGATCCTCAAGAAAAAATATATTCACCTGCGAATGTTCAAGTTTCCCCT-3′. The result of vector construction was verified by direct sequencing. The expression plasmid vector and the empty vector were used to transfect breast cancer cells using Lipofectamine 2000 (Invitrogen, MA, USA) in order to establish the circHMCU overexpression and control cell lines. For circHMCU knockdown, circHMCU-si and and si-NC were purchased from Ribobio (Guangzhou, China). The sequence of the functional circHMCU-si was 5′-GCAGGTCTTTCACTACCAT-3′ and 5′-UUCUCCGAACGUGUCACGU-3′ for the NC. Transfections were performed using Lipofectamine 2000 to establish the si-NC and circHMCU-si cell lines.

Protein Isolation and Western Blot {#sec4.7}
----------------------------------

Cells were harvested and lysed with lysis buffer (1× PBS, 1% Nonidet P-40 \[NP40\], 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 5 mM ethylenediaminetetraacetic acid, and 1 mM sodium orthovanadate) containing protease inhibitors. 10% SDS-PAGE was used to separate protein extracts. After electrophoresis, protein extracts were transferred onto polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA, USA) in 200 mA for 2 h, followed by blocking with 5% non-fat milk for another 1 h. The membranes were incubated with primary antibodies at 4°C overnight and labeled with horseradish peroxidase-coupled secondary antibodies for 2 h at room temperature. The protein bands were detected with enhanced chemiluminescence. The expression of β-actin was used as the endogenous control.

MTT Assay {#sec4.8}
---------

After transfection, cells were seeded in 96-well plates with 1,000 cells per well. 20 μL of MTT solution (5 mg/mL) was added to each well and incubated for 4--6 h at 37°C. We recorded the optical density (OD) value immediately and at 24, 48, 72, 96, and 120 h after transfection for statistical analysis. Each experiment was performed in triplicate.

Cell Cycle Assay {#sec4.9}
----------------

Forty-eight hours after transfection with si-NC or circHMCU-si, the cells were trypsinized and washed with cold PBS twice. Then, the cells were suspended with 300 mL of PBS, followed by the addition of 500 mL of cell cycle staining buffer (Multi Sciences \[Lianke\] Biotech). A flow cytometer (Becton Dickinson, NJ, USA) was used to analyze the DNA contents of the cells after 30 min of incubation at room temperature, and the data were analyzed with ModFit LT v2.0 software (Becton Dickinson). Each experiment was performed in triplicate.

Cell Apoptosis Assay {#sec4.10}
--------------------

Cell apoptosis was performed using a phycoerythrin (PE)-annexin V apoptosis detection kit (BD Biosciences, USA) according to the manufacturer's protocols. Briefly, cells were digested with EDTA-free trypsin, centrifuged, and resuspended with 400 μL of annexin binding buffer at a concentration of 10^6^ cells/mL. Then, 5 μL of fluorescein isothiocyanate (FITC)-conjugated annexin V and 5 μL of propidium iodide (PI) were added to the cells and incubated at room temperature for 15 min in dark. Within 1 h after staining, a cell apoptosis assay was performed on a flow cytometer (Becton Dickinson, NJ, USA). Each experiment was performed in triplicate.

Cell Invasion and Migration Assays {#sec4.11}
----------------------------------

Migration and invasion assays were performed using the Transwell system (8-mm pore, Corning Life Sciences/Costar, Lowell, MA, USA). For migration assays, 700 μL of medium with 20% fetal bovine serum was added to the lower well of each chamber, and 1 × 10^5^ cells suspended in serum-free medium were added to the upper inserts. After 24--48 h of incubation, the noninvasive cells in the top chambers were removed with cotton swabs, whereas the cells adhering to the lower surface of the membrane were fixed with methanol and stained with 0.1% crystal violet. The total number of cells adhering to the lower surface of the membrane was quantified in six representative fields after incubation for the indicated time. The invasion assay was performed in the same way as the migration assay except that the membrane was coated with Matrigel (BD Biosciences, Bedford, MA, USA). Each experiment was performed in triplicate.

Wound Healing Assay {#sec4.12}
-------------------

Cells were seeded onto 24-well plates and transfected with pLCDH-ciR or circHMCU overexpression plasmid for 24 h. When the cells reached 80%--90% confluence, an artificial wound was carefully created by scratching the confluent cell monolayer with a 10-μL pipette tip. The wound was imaged immediately and at 24 h. Each experiment was performed in triplicate.

Colony Formation Assay {#sec4.13}
----------------------

The stable cells were generated from MDA-MB-231 and MDA-MB-468 cells transfected with circHMCU overexpression plasmid, and transfection efficiency was confirmed by qRT-PCR. The cells were trypsinized, and 500 cells were plated in 60-mm plates and incubated at 37°C for 20 days. Colonies were fixed with methanol and dyed with dyeing solution containing 0.1% crystal violet. The number of colonies was counted. Each experiment was performed in triplicate.

EdU Incorporation Assay {#sec4.14}
-----------------------

Cells were seeded in 96-well plates at 20,000 per well 24 h after transient transfection (in the logarithmic phase of growth) and incubated at 37°C in a humidified 5% CO~2~ atmosphere for 12 h. Then a Cell-Light EdU DNA cell proliferation kit (Ribobio, Guangzhou, China) was used to monitor the proliferation of breast cancer cells according to the manufacturer's instructions. A fluorescence microscope (Olympus, Tokyo, Japan) was used to count cells in the proliferating phase (excitation, bright red spots) and the total cells (shown in blue).

Luciferase Reporter Assay {#sec4.15}
-------------------------

For the luciferase reporter assay, pmirGLO Dual-Luciferase vectors (Promega, Madison, WI, USA) were used to construct Dual-Luciferase reporter plasmids. Sequences of circHMCU containing two complementary binding site for let-7 miRNAs were cloned into the vectors. HEK293T cells were co-transfected with wild-type pmirGLO-circHMCU or the mutated type and let-7 mimics or NC using Lipofectamine 2000 (Invitrogen). After induction for 48 h, luciferase activity was assessed using the Dual-Luciferase reporter kit (Promega, Madison, WI, USA). The relative firefly luciferase activity was normalized to Renilla luciferase activity.

RIP Assay {#sec4.16}
---------

A Magna RIP kit (Millipore, Billerica, MA, USA) was used for RIP experiments according to the manufacturer's instructions. Briefly, 1 × 10^7^ cells at 80% confluence were harvested and then lysed in RIP lysis buffer. After that, 100 μL of cell lysate was incubated with RIP buffer containing magnetic beads conjugated with human anti-AGO2 antibody or normal mouse IgG (Merck Millipore, USA). The specimens were incubated with proteinase K to segregate immunoprecipitated RNA. The extracted RNAs were further evaluated through quantitative real-time PCR.

Tumor Model and Metastasis Assay *In Vivo* {#sec4.17}
------------------------------------------

MDA-MB-231 cells transfected with pLCDH-ciR or circHMCU overexpression plasmid were selected and stable cells were generated.[@bib32] These cells (1 × 10^7^) in 200 μL of PBS/Matrigel (3:1, v/v) were injected subcutaneously into the left flank of 4- to 6-week-old BALB/c nu/nu female mice (seven mice per group). Tumor growth rate was monitored by measuring tumor diameters every 5 days. Both maximum length (L) and width (W) of the tumor were measured using a slide caliper, and the tumor volume was calculated as ½(L × W2). When mice were killed, tumors were collected for immunohistochemistry. To produce experimental lung metastasis, 2 × 10^5^ cells were injected into the lateral tail veins of 4- to 6-week-old BALB/c nu/nu female mice (five mice for each group). After 2 weeks, all mice were killed under anesthesia. The lungs were collected and fixed in 10% formalin. For tissue morphology evaluation, hematoxylin and eosin (H&E) staining was performed on sections from embedded samples. All animal experiments were performed with the approval of the Shandong University Animal Care and Use Committee.

IHC {#sec4.18}
---

The tumor tissues were fixed in 10% neutral-buffered formalin for 24 h. After that, the tissues were paraffin-embedded and then sliced into 4-μm sections for further IHC. Briefly, the sections were deparaffinized and rehydrated, followed by antigen retrieval with pH 6.0 citrate buffer. 3% H~2~O~2~ was used to inhibit endogenous peroxidase activity, and the sections were incubated with 10% normal goat serum to block non-specific binding. After incubation with anti-MYC antibody, anti-HMGA2 antibody, and anti-CCND1 antibody at 4°C overnight, the sections were washed with PBS and then treated with biotinylated anti-Ig antibody for 30 min and reacted with horseradish peroxidase (HRP)-conjugated streptavidin. Then, the diaminobenzidine (DAB) substrate system (Maixin Bio, Fuzhou, China) was used, followed by counterstaining with hematoxylin. The images were taken by an Olympus light microscope.

Statistical Analysis {#sec4.19}
--------------------

SPSS software (version 18.0) was used for statistical analysis. Two group comparisons were performed with the Student's t test. All of the performed tests were two-sided, and error bars represent the standard error of the mean (SEM) of three experiments. Differences with p \< 0.05 were considered to be statistically significant.
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